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Abstract 
Quantum dot materials, in which Si QDs are embedded in a dielectric matrix, offer the potential to tune the effective 
band gap, through quantum confinement, and allow fabrication of optimised tandem solar cell devices in one growth 
run in a thin film process. Such cells can be fabricated by sputtering of thin layers of silicon rich oxide sandwiched 
between a stoichiometric oxide that on annealing crystallise to form Si QDs of uniform and controllable size. For 
approx. 2 nm diameter QDs these result in an effective band gap of 1.8 eV. Introduction of phosphorous or boron 
during the growth of the multilayers results in doping and a rectifying junction, which demonstrates photovoltaic 
behaviour with an open-circuit voltage of almost 500 mV. However, the doping behaviour of P and B in these QD 
materials is not well understood. In addition P and B have large but opposite effects on QD crystallisation, with P (B) 
doped material forming larger (smaller) QDs than for undoped material.  Alternative materials for quantum dots are 
Ge and Sn. These allow lower processing temperatures to be used, more compatible with underlying layers. 
Alternative matrices to SiO2 such as SiNx or SiC offer higher tunnelling probability and hence lower resistance.  
These alternative matrix materials can also be used as hetero interlayers to improve the transport in the growth 
direction whilst maintaining quantum confinement. Group IV alloys can also be used to modify band gap. GeC in 
particular looks to have useful band gap and sputtering properties. Such alloy materials could be used in hetero-
junction or homojunction devices in combination with SiQD based materials to fabricate all thin film tandem cells.   
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1. Introduction 
The concept of third generation photovoltaics is to significantly increase device efficiencies whilst still 
using thin film processes and abundant non-toxic materials. A strong potential approach is to fabricate 
tandem cells using thin film deposition in order to optimise collection of energy in a series of cells with 
decreasing band gap stacked on top of each other. The Si quantum dot (Si QD) solar cell is suggested as a 
means to engineer the band gap of the top cell or cells in a tandem stack using thin film deposition 
methods [1-3]. Si QD devices have been demonstrated with open-circuit voltages Voc of up to 490 mV [4, 
5]. But problems remain with understanding doping, increasing Voc and improving current transport.   
 
Confining the growth of Si (or another group IV element) to small QDs, allows the effective band gap 
to be controlled through the quantum confined energy levels in QDs less than about 10 nm in diameter.  A 
material with a wider band gap engineered in such a way can be used to fabricate tandem photovoltaic 
cell element(s) above a thin film bulk Si cell.   
 
The fabrication of solid state silicon nanocrystals embedded in a dielectric matrix has been investi-
gated using a range of techniques. Considerable work has been done on the growth of Si nanocrystals 
embedded in silicon oxide [6] and in silicon nitride [7] dielectric matrices.  Measured optical absorption 
data indicate a blue shift as nanocrystal size is decreased [8]. Photoluminescence data indicate the same 
trend [1]. These are consistent with the control of effective band gap with nanocrystals size.   
2. Hetero-interlayers  
Experiments have been carried out in which the layer between the Si rich layers is a different 
dielectric. Si3N4 (nominally stoichiometric) has two advantages. The higher density of the nitride restricts 
diffusion of Si to nucleating nanocrystals during annealing. Thus size control and a more mono-disperse 
size distribution of the nanocrystals result.  Secondly the lower barrier height of the nitride, as compared 
to the oxide within the Si rich layers, leads to a higher tunnelling probability in the growth direction, 
whilst good quantum confinement is maintained in the nanocrystals planes.   
 
Initial results on this approach show promising decreases in the vertical resistivity of such Si QD 
nanostructures with SiNx interlayers [9]. Figure 1 shows I-V curves measured on vertical samples on a 
conducting Si wafer substrate, for both SiNx or SiO2 interlayers, each doped with either B or P.  In each 
case the substrate used was of the same carrier type as the nominal type of the doped layer on top.  The 
most striking feature of the data is the much lower resistivity of the B doped nitride interlayer samples as 
compared to the B doped oxide interlayer sample.  Whilst for P doping the oxide and nitride interlayer 
samples show almost no difference in resistivity.   
 
Hence there is some evidence for significantly reduced resistivity for nitride as compared to oxide 
interlayers, for the B doped samples.  But the similar resistivities for the two interlayers for P doping is 
not as first expected and requires further investigation.  The explanation is related to the differing effects 
on Si QD crystallisation of P and B.   
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Fig. 1. Logarithmic I-V curves for Si QD samples grown with either nitride or oxide interlayers, and subsequently 
annealed in H2 forming gas at 350°C.  (a) B doped samples: the nitride interlayer shows a dramatically lower 
resistivity; (b) P doped samples: the resistivities of the nitride and oxide interlayer samples are similar.  Insets show 
schematic diagrams of QD sizes and spacings.  
 
Figure 2 shows the XRD spectra for SiO2 and SiNx interlayers between SRO layers. Figure 2(a) shows 
that for the oxide interlayer (i.e. for the SiO2-SRO-SiO2 structure) the effect of P (B) increasing 
(decreasing) the Si QD size is demonstrated in the narrowing (broadening) of the XRD peaks for all of the 
{111}, {220} and {311} Si peaks.  The fact that all these principal peaks are narrowed (broadened) to the 
same extent for a given sample indicates that the effect is due to an increase (decrease) in QD size allow-
ing a narrower (broader) range of angles that satisfy the Bragg condition.  This is in contrast to inhomo-
geneous strain or a disordered structure in the nanocrystals which, if it were present, would distort lattice 
spacing differently for different plane families.  Hence these QD sizes can be estimated using the Scherrer 
equation for peak broadening to give 5.7 nm and 14.8 nm for B and P, respectively [11].  Thus indicating 
that P incorporation significantly increases the size of Si QDs.  But in Fig. 2 (b) for the nitride interlayer 
the QD sizes are much closer at 3.3 nm and 5.0 nm for B and P, respectively.  This suggests that the 
nitride interlayers suppress the growth of larger (smaller) nanocrystals for P (B) doping respectively.  
Fig. 2. XRD comparison of P and B doped multilayers for both (a) SiO2 and (b) SiNx interlayers between SRO layers, 
all on quartz substrate.   
 
1.0E-02
1.0E-01
1.0E+00
1.0E+01
1.0E+02
0.0 0.2 0.4 0.6 0.8 1.0 1.2
Bias voltage (V)
C
ur
re
nt
 d
en
sit
y 
(A
/c
m
 2 )
nitride barrier
oxide barrier
B doped samples
1.0E-02
1.0E-01
1.0E+00
1.0E+01
0.0 0.2 0.4 0.6 0.8 1.0 1.2
Bias voltage (V)
C
ur
re
nt
 d
en
sit
y 
(A
/c
m 
2 )
nitride barrier
oxide barrier
P2O5 doped samples
(a) (b) 
203Gavin Conibeer / Energy Procedia 15 (2012) 200 – 2054 G. Conibeer / Energy Procedia 00 (2011) 000–000 
 
The likely reason for this uniformity of QD sizes for the nitride interlayer with P and B doping, as 
compared to the oxide interlayer, is that the presence of a strong gradient in N concentration at the 
interface between the silicon rich oxide and silicon nitride layers will tend to promote heterogeneous 
nucleation whether or not B or P are present.  This will tend to suppress the differing QD sizes in P and B 
material caused by their differing nucleation behaviour, thus reducing the difference in QD spacing and 
its differing effects on resistivity.   
 
This suggests a reason for the differing I-V behaviour shown in Fig. 1 based on the opposite effects on 
Si QD crystallisation of P and B.  For the oxide interlayer samples the QDs are expected to be smaller 
with B and larger with P incorporation.  The large size of the QDs in P doped material are such that they 
penetrate several layers and significantly reduce the number of tunnelling events required in the vertical 
current transport direction. This will tend to reduce resistivity. But in the nitride interlayer the much more 
similar QD sizes for P and B doping shown in Fig. 2, mean this effect will be significantly reduced.  
Hence for B doping in Fig. 1(a) the QD sizes are very similar and the presence of the lower barrier height 
nitride interlayer dominates in reducing resistivity.  Whilst for the P doping of Fig. 1(b) the larger QDs in 
the oxide interlayer material reduce resistivity to approximately the same extent as does the lower barrier 
height of the nitride in the nitride interlayer material even though this latter has larger spacing between 
the smaller QDs.  
3. Alternative group IV materials for tandem cells 
Ge nanocrystals in SiO2, made by a similar phase separation from solid solution process, are being 
investigated as an alternative material with a lower precipitation temperature and wider potential range of 
effective band gap than Si nanocrystals.  The temperature range employed is typically around 650°C, but 
with substrate heating during growth can be as low as 350°C [10]. These materials demonstrate a weak p-
type conductivity without intentional doping and can be made more p-type by addition of Sb during 
growth, although the exact mechanism of doping is still under investigation.   
 
Other analogues involving Sn nanocrystals in dielectric matrices have been fabricated.  These require 
even lower processing temperatures, around 250-300°C, and can be annealed in situ.  However, Sn 
nanocrystals formed in SiO2 matrix tend to undergo significant oxidation [11]. In a Si3N4 matrix there is 
no oxidation but the tetragonal β form of Sn always forms, because the β-Sn allotrope is more 
thermodynamically stable than the cubic α-Sn allotrope [12]. But as β-Sn is also semi-metallic as 
compared to the semiconducting α-Sn, this also means that no semiconducting optical or electronic 
properties of these Sn nanocrystal materials have yet been measured.   
 
Other alternatives to group IV elements in dielectric matrices are alloys of group IV elements.  Several 
of these are attractive for controlling the band gap in a group IV tandem cell as summarised in [13].  SiC 
alloys with excess Si have been investigated both as material with precipitated Si and SiC nanocrystals 
and as amorphous unannealed alloys.  Band gap control over the range of about 1.7 to 2.2 eV is possible 
for the Si nanocrystals material by control of nanocrystal size [14]. Si:Ge alloys are of course well known 
as a means of continually varying the band gap from 0.7 to 1.1 eV. But whilst they are suitable in a 
tandem cell for cells under a Si cell, they are not suitable for a tandem cell element on top of a Si cell.   
 
Alloying of Sn with small percentages of Ge can stabilise the cubic α-Sn phase [15]. The Ge rich 
Ge:Sn alloy can also be grown.  These alloys have band gaps from 0.2-0.7 eV and are hence potentially 
useful for cells to go under a Si cell in a tandem, but again are not suitable for cells with higher band gap 
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than Si. However, the Ge:Sn alloy can also be used to stabilise the α phase in nanocrystals incorporated in 
a dielectric matrix. SiGeSn alloys are a variation of Sn:Ge alloys. The addition of less than 1% of Si 
allows lattice matching of the alloy with Ge substrate [16] with addition of more Si also allowing a higher 
range of direct band gap of 0.8-1.4 eV [17]. The advantage of the ternary alloy/compound is that the extra 
degree of freedom allows independent control of band gap and lattice parameter, which in turn allows for 
better quality materials.   
 
Ge:C and Sn:C alloys and GeC and SnC compounds are interesting as tandem cell materials [13]. 
Ge:C offers a potentially wide band gap range from 0.6 to 1.1 eV and a fairly continuous range of 
composition. Several of the material properties of GeC have been calculated [18] and GeC thin films can 
be sputtered [19] with material approaching stoichiometric GeC for high methane gas flows. In addition 
high sputter powers lead to a greater degree of sp3 hybridisation of carbon bonds thus leading to cubic 
diamond or zinc-blende structures as opposed to the graphitic structures for sp2 hybridisation [20].   
4. Heterojunction devices 
Some of the limitations of the Si QDs in a SiO2 homojunction device are caused by the need to 
fabricate both good quality p- and n-type Si QD material.  Use of alternative heterojunction materials can 
reduce the need for such a range of properties. Heterojunctions between Si QDs in oxide and carbide 
matrix with Si wafers have been made to demonstrate carrier types [1, 14], although these do not 
demonstrate photovoltaic behaviour directly in the QD material.   
 
Si QDs in oxide and Si QDs in nitride matrix can be used to make a heterojunction pair.  It is probable 
that these will not need impurity doping in order to make a rectifying junction.  Inherent differences in 
electron affinity and work function exist between these materials due to the differing bond energies 
between Si-O and Si-N.  Ab-initio calculation suggests that both a LUMO and HOMO offset creating a 
type II heterojunction between materials with differing matrices but the same QD species will result [21].   
 
Other heterojunctions between Ge QD multi-layer material (p-type) and P doped Si QD multi-layers 
(n-type) could be fabricated.  These should also be rectifying type II heterojunctions and are expected to 
increase the abruptness of photovoltaic junctions in these materials.  The other alloy materials discussed 
in the section above can also be used in heterojunction pairs with appropriate partner materials. These are 
expected to increase the abruptness of photovoltaic junctions and improve the device quality and reduce 
the overall complexity of device fabrication.   
5. Conclusions 
Si quantum dot nanostructure homojunction devices have been fabricated in a SiO2 matrix.  Whist 
these can be doped and give photovoltaic rectifying behaviour, this behaviour is not well understood and 
the devices are difficult to optimise in terms of voltage and current output. Use of other structures in 
alternative matrices, with alternative QD species and with hetero-interlayers, can produce a range of 
materials that can be used to optimise material properties.  In addition to nanostructure materials in 
dielectric matrices, group IV alloys and compounds are an alternative to controlling band gap over a wide 
range.  Si rich SiC is already showing promising properties, other group IV alloys are being investigated 
with further improved properties.  Use of these materials and the nanostructured band gap controlled 
materials in heterojunction devices is being investigated as a means to optimise photovoltaic devices.   
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